I. OVERVIEW OF REVIEW: ADVANTAGES OF TERAHERTZ COMMUNICATION SYSTEMS
The field of terahertz ͑THz͒ spectroscopy, imaging, and technology has grown dramatically over the past fifteen years. 1 In conjunction with new and improved THz sources and detectors, [2] [3] [4] [5] [6] [7] THz spectrometers and imaging systems 8 have become routine laboratory instruments and have found several niche and industrial applications including explosive and concealed weapon detection, [9] [10] [11] [12] pharmaceutical quality control, 13 biology/medicine, 14 and nondestructive evaluation/ quality control. [15] [16] [17] Over the past ten years, several groups have considered the prospects of using THz waves as a means to transmit data. Numerous papers covering various aspects of the topic-THz sources and detectors, modulation schemes, wireless communication measurements-have been reported in the literature. We comprehensively review approaches to wireless THz communication.
In the literature, there are various definitions of the THz frequency range. For the purposes of this paper, we shall define the sub-THz region as covering 0.1-0.3 THz and the THz region as covering 0.3-10 THz. For the sake of brevity in the paper, we shall use the term "THz" to generically refer to the 0.1-10 THz range, unless otherwise specified. Data communication systems that operate, for example, at 94 GHz and below will not be covered by this review unless they directly related to data communications in the sub-THz or THz range. We further limit the review of the field to include THz waves as the free-space carrier of data.
Commercial wireless point-to-point microwave communications systems currently operate at carrier frequencies as high as 18 to 30 GHz ͑K band and Ka band͒. Several research projects in the fields of electronics and fiber optics have focused in the past on developing devices for communication system running at 60 GHz signals. The high oxygen absorption peak in this frequency bands strongly attenuates radio signals allowing the design of low interference picocell mobile communication systems with ultrahigh capacity. 18, 19 Even at higher frequencies up to 300 GHz the Federal Communications Commission ͑FCC͒ has started to allocate frequency bands for mobile, satellite, and wireless links. 20 Historically, individual ͑point-to-point͒ and aggregated ͑within a volume of space͒ bandwidth demands for wireless networking have increased rapidly over the last two decades. One way of meeting these bandwidth demands is to increase the spectral utilization efficiency by applying advanced modulation techniques, which enable increased point-topoint data rates, enhanced sharing of a given band of frequencies, and higher amounts of frequency reuse within a volume of space. However, Shannon's channel capacity formula, even when extended to wireless networking in a shared volume of space through the use of multi-input/ multioutput approaches, shows an upper limit for this strategy. Beyond this point transmission bands at higher carrier frequencies have to be accessed to provide sufficient transmission capacity. According to Edholm's law of bandwidth, 21 the demand for bandwidth in wireless shortrange communications has doubled every 18 months over the last 25 years. ͑e.g., from less than 1 kb/s for wireless telemetry in 1984 to more than 100 Mb/s with 802.11n wireless local area networks in 2009.͒ From this recent trend, it can be predicted that data rates of around 5-10 Gb/s will be required in ten years. A review by Koch 22 in 2007 suggests that THz based communications systems will replace or supplement Wireless LAN systems in 2017-2023. Bluetooth and wireless LAN operate at carrier frequencies of only a few gigahertz, so their bandwidth is limited. 22 Even ultrawide bandwidth technology for indoor communications is only expected to achieve data rates of only 110-200 Mb/s for standard distance and 500 Mb/s at reduced distances. 23 In the latest United States Federal Strategic Spectrum Plan, 24 it is recognized that Federal agencies universally have an increased demand for higher data throughput and bandwidth-in particular for wireless broadband applications. "These requirements may mean wider operating bandwidths and/or spectrum access in higher frequency bands although most requirements for mobile communications focus on use of spectrum below 5 GHz." It is interesting to note that in the section of the report discussing future federal spectrum requirements above 30 GHz, THz communication is not mentioned as an emerging application. The 30-300 GHz ͑or EHF͒ portion of the spectrum is anticipated to be used for radiolocation ͑radar͒ service, in particular near 35, 90, 140, and 240 GHz for which there are atmospheric windows for transmission. Above 300 GHz, the frequencies are not allocated currently but probably will be in the future. The main applications envisioned are radio astronomy and remote sensing, not communications. According to this report, the National Science Foundation believes that new allocations in the 0.275 to 1 THz region may be needed within a decade for radio astronomy and other science services. Currently, the main thrust is to use the higher frequency bands ͑275-2400 GHz͒ for radio astronomy research. It is anticipated that as research and development applications above 300 GHz emerge, the spectrum requirements will be updated, and frequency bands allocated.
An increasing demand for wireless service equates to a desire for more bandwidth and consequently an implied increase in carrier frequency for communications and data transfers. However, as will be discussed in subsequent sections, in conjunction with the high bandwidth potential, THz wireless links will exhibit an intrinsically short path length and line-of-sight communication. In his discussion of future THz communication systems, Mann 25 considers these limitations and suggests that the commercial application of THz communication links would be a niche in which very high data rates are required over short distances on a multipoint to point/multipoint basis ͑i.e., the "first" and "last mile" problem͒. For example, fast dedicated internet access for users in cities where the cost of laying optical cables is prohibitively high is one possible application. Mann further suggests that the compact nature of THz system would allow it to comply with strict planning regulations in cities. THz communication systems with gigabit or higher data rates could enable a wide variety of high bandwidth applications including 26 wireless extensions of broadband access fiber optical networks, wireless extension of high-speed wired local networks, 27 a wireless bridge between lower data rate wireless local networks and high speed fiber-optical networks, high-definition television ͑HDTV͒, 28 and broadband indoor picocells to handle high demand from a number of mobile users.
In addition to the intrinsic advantage of potentially ultrahigh bandwidth in THz communication links, several other advantages or general properties of THz communication links have been identified in the literature. In some instances, THz wireless communication links offer some advantage over microwave links as well as free-space infrared ͑IR͒ based systems. Below is a summary:
• THz communications have the potential for increased bandwidth capacity compared to microwave systems.
• THz communications are inherently more directional than microwave or millimeter ͑MMW͒ links due to less free-space diffraction of the waves. A detailed analysis of the link budget 29 estimates that a 10% bandwidth for a 350 GHz link would require antenna gains of 22 dB, 27 dB, 30 dB, and 33 dB for link distances of 1 m, 3 m, 5 m, and 10 m, respectively. The large gain per antenna requires the THz emission to be highly directional and, therefore, line of sight detection is required.
• THz communications can be implemented as a "se-cure" communications link. THz can support ultrahigh bandwidth spread spectrum systems, which can enable secure communication, large capacity networks, and protection against channel jamming attacks. 30 This topic will be discussed in Sec. III.
• The last and first mile problem refers to establishing broadbanded, multiuser local wireless connections to high speed networks ͑i.e., fiber-optical͒. As an example, THz wireless links could be used as part of the last mile transmission of multiple channel HDTV signals. 27 • The THz frequency range is largely unregulated. 22 In the United States, 275-300 GHz is reserved 32 for mobile communications. In Europe, above 275 GHz is available for communications.
Communications systems using THz waves, due to the inherently higher bandwidth with increased frequencies compared to microwave systems are an excellent candidate to meet the demand for higher bandwidths. However, there have been relatively few studies of either analog or digital data transmission using THz radiation to date. This in part is due to the fact that the required compact components for communication systems ͑like planar integrated circuits, amplifiers and antenna arrays͒ do not exist above 125 GHz. Yet recent technological progress in key technologies such as SiGe, BiCMMOS, and InP suggests that they might be available in a few years from now. 29 Simple components like integrated voltage controlled oscillators were demonstrated by Bell Laboratories in InP HBT technology with output power of Ϫ10 dBm at 350 GHz. Recently, integrated millimeter wave integrated circuit ͑MMIC͒ chip sets have been developed at 125 GHz and utilized in a 10 Gb/s 800 m long wireless link. 33 Likely, fully electronic THz communications systems running at carrier frequencies of a few 100 GHz will become reality in the near future when sufficiently fast and powerful integrated circuit electronics are available. Consequently, most of the THz communications measurements done to date have used alternative hardware ͑such as THz time-domain systems, microwave mixers, etc.͒. Studies of THz communications issues have largely focused on items such as indoor and outdoor channel modeling, study of propagation effects, evaluation of modulation schemes, and THz hardware components.
The intrinsic advantage of THz communication systems compared to microwave or millimeter wave systems is that of higher bandwidth. However, what about the other competing frequency range, namely free-space IR communications? IR free space communication links at 1.5 m wavelength are the most common optical transmission vehicle for short reach ͑up to 10 km͒. As previously noted by Koch, 22 wireless IR systems are 30 years old, yet the highest data rates reported are 155 Mb/s. 34 36 The key to increasing the IR wireless data rate to 10 Gb/s was advanced modulation formats such as orthogonal frequency division multiplexing. Coherence detection and multiple input multiple output ͑MIMO͒ processing as been used to demonstrate a 100 Gb/s per channel link. 109 Two of the most important issues with IR free-space communications are transceiver misalignment due to atmospheric turbulence and/or humidity fluctuations in the beam path ͑i.e., scintillation͒ as well as atmospheric absorbance of the IR signal. 37 Atmospheric turbulence and humidity fluctuations cause temporally and spatially dependence variations in the atmospheric real refractive index. Consequently, the location of the IR beam on the receiver tends to vary in time leading to scintillation effects. This effect will be discussed in Sec. II. Another possible advantage of THz compared to IR communication systems that has been identified 22 is that intensity modulation and detection with IR photodetectors is not as sensitive as THz heterodyne detectors. Moreover, there is more ambient IR light noise typically present compared to ambient THz noise. Lastly, there is an eye safety issue with IR wavelengths requiring that the IR transmitted power be limited to eye-safe power levels.
II. THZ AND SUB-THZ COMMUNICATIONS: BASIC CONSIDERATIONS
In this section, basic considerations of THz and sub-THz communication are discussed including
• Free space versus guided waves.
• Directionality.
• Scintillations.
• Atmospheric and free-space damping including fog, rain, and dust/smoke. • Indoor versus outdoor communication.
A. Free space propagation versus guided THz waves
Unlike the near-IR wavelengths for which low loss optical fibers are available, THz fibers ͑such as bare metal wires, 38 hollow-glass metallic waveguides, 39 and photonic crystal fibers 40 ͒ are characterized by a fairly sizeable attenuation: typically in the 0.01-0.03 cm −1 range. Therefore, it is unlikely that THz communication systems will utilized THz fibers for propagation over long distances since fiber optical communication systems can carry very high data rates Ͼ100 Gb/ s over long ͑tens of kilometer͒ distances. For short distance transmission less than a meter ͑for example, through a barrier such as a wall͒, THz fibers might be preferable to the intrinsic attenuation and scattering by building material. However, for longer distances through a building, the radio-over-fiber ͑RoF͒ method ͑described in Sec. VI͒ can use optical fibers to deliver THz modulated optical signals to the exterior of buildings before converting to free space THz radiation. As THz sources and detectors are developed for communication, THz waveguides may fill a critical role in the coupling of radiation between THz components.
B. Directionality of THz radiation
The importance of the diffractive effects in free-space THz systems can be explored using the Friis formula. Following the analysis of Brown, 41 the power supplied to the load of the receiving antenna is given by
where P in is the input power to the transmitting antenna, G is the antenna gain, F is the normalized intensity pattern function, is the path power transmission factor, p is the polarization coupling efficiency, is the wavelength of the radiation, and d is the distance between the transmitting ͑t͒ and receiving ͑r͒ antenna. The angles and refer to spherical coordinates at either the receiver or transmitter. The freespace loss factor ͑ / 4d͒ 2 arises from two effects: ͑1͒ The assumption that the receiving antenna is detecting the farfield radiation of the transmitting antenna leads to treating the source as emitting a spherical-like wave whose power decreases as 1 / d 2 with distance. ͑2͒ The factor of 2 arises from the diffraction limited directivity ͑D max ͒ or alternatively the solid angle which defines the extent of the diffracting intensity pattern function such as: D max =4 / ⍀ =4A eff / 2 , for which A eff is the effective area of the detector.
The antenna gain and directivity are related by
where P rad is the power radiated by the antenna. If we assume that the radiation and input powers are matched, then the gain of the antenna is equal to the directivity. In this case, Eq. ͑1͒ can be rewritten as
where A t and A r refer to the effective areas of the transmitter and receiver, respectively. According to Eq. ͑3͒, the power received at a detector varies as 1 / 2 so the efficiency of detection improves as the wavelength decreases or the THz frequency increases. This implies that THz communications are inherently more directional than microwave or MMW links due to less free-space diffraction of the waves. Consequently, THz communication systems will typically be lineof-sight systems.
Mann 25 used a simplified version of Eq. ͑3͒ to estimate the maximum data transmission distance of a 400 GHz versus a 60 GHz system. Despite the fact that THz sources are currently less powerful than comparably sized microwave sources, the maximum distances for data transmission ͑ϳ1.9-2.0 km͒ are comparable. The low power of a 400 GHz system is compensated by the fact that the 400 GHz radiation diffracts less than 60 GHz radiation.
C. Scintillation
Real refractive index fluctuations can destroy the flat phase front of an IR light beam when it passes a few kilometers of air. Local temperature, pressure, or humidity gradients, which are generated by thermals and turbulences near ground level, cause small refractive index variations across the wave front of the beam. Even if a single local refractive index fluctuation only slightly distorts the wave's phase front, the effect can accumulate over a few kilometers of propagation distance resulting into a complete or almost complete destruction of the phase front. As a consequence, on the receiver side the beam cross section appears as a speckle pattern ͑Fig. 1͒ with huge local and temporal intensity variations preventing detection of constantly sufficient signal power. In the absence of fog, these scintillation effects are the main link length limitation in free-space IR communication systems. Complex equalizer schemes for phase front correction based on mirrors arrays were proposed as counter measure but could not show so far convincing performance. As will be discussed below, THz beams are much less susceptibly to scintillation compared to IR beams.
The refraction index of air in the millimeter wave band up to a few hundred gigahertz can be well approximated as function of temperature and pressure by
where T, P a , P v stand for the temperature in kelvin, the atmospheric pressure in kilopascal, and the water vapor pressure in kilopascal, respectively. 42 Similarly, for IR wavelengths the refraction index of air can be written as:
where stands for the wavelength in micrometers. 43 The formula does not consider humidity as it only insignificantly degrades IR propagation. Under the assumption of relevant air parameters a numerical comparison of both formulas shows that even at high levels of water vapor pressure the refraction index changes in both the THz and IR bands are comparable. Since scintillation effects are driven by variations in phase, the relevant parameter is the variation in the optical path length relative to the electromagnetic wavelength. Since the variation in the optical path length for both the IR and THz are comparable ͑the changes in refractive index are commensurate͒, the relative magnitudes of the phase variations are predominately determined by the electromagnetic wavelength. The wavelength of THz at ϳ200 GHz is approximately 1000 times longer than the wavelength of 1.5 m light. Consequently, scintillation and speckle effects in the THz beam are expected to be significantly smaller than in the IR.
There have been some measurements of scintillation effects at 97 GHz which showed that the long-term probability distribution of scintillation amplitudes could be modeled by the Mousley-Vilar equation. 44 Knowledge of the scintillation amplitude distribution can be used to predict the degradation of the communication link due to scintillation. The only experimental evidence that has been published concerning the effect of scintillation on THz communication is a brief comment in Ref. 33 . That paper describes the effect of wind on the THz communication measurements at 125 GHz. As wind velocity increases, the lateral deviation of the THz beam from the receiver axis also increases which caused the input power to the receiver to decrease. However, since the detected power was greater than the minimum required, the authors did not observe any increase in bit-error-ratio.
D. Atmospheric and free-space damping including fog, rain, and snow
Atmospheric attenuation of THz and IR communications are impacted differently by weather conditions such as fog, rain, snow, and humidity. Figure 2 compares the absorption coefficient of millimeter waves, THz, and IR waves at sea level for different weather conditions. Under fog conditions the THz absorption at ϳ240 GHz is around 8 dB/km which is considerably lower than the 200 dB/km that the 1.5 m wavelength suffers. The maximum reach of THz radiation in fog can be much larger than those of usual IR based systems. Thus T-rays based communication systems could serve as a back-up for foggy weather when IR signaling fails. It also should be noted that above 200 GHz and below 10 THz, the attenuation is dominated by atmospheric water vapor, with attenuation due to rain and fog playing a minor role. In the IR, fog and smoke will cause significant attenuation. As noted by Brown 41 in his extensive consideration of MMW and THz remote sensing systems, there is little or no experimental data on THz scattering by fog, rain, particulates, etc. Brown attributes the limited experimental data to a lack of calibrated THz instrumentation and the general difficulty in distinguishing absorption from scattering effects. While experimental data at 97 GHz ͑Ref. 44͒ indicates a reasonable agreement between measured rain attenuation values and those predicted by different models, differences in the measured and predicted values suggest that further measurements are required to fully validate rain attenuation models at the higher MMW or sub-THz frequency range. Due to the relatively small size of atmospheric particulates such as dust and smoke compared to the THz wavelength, one would expect minimal THz attenuation due to airborne particulates. Mann had predicted that fog and smoke has little or no effect up to 1 THz. 25 A rough estimate of the attenuation can be made assuming that the particulates act as spherical Mie scattering centers. Following a simple Mie scattering formalism 46 that was used previously to study attenuation of THz radiation due to particle grains, 47 one can estimate the attenuation at IR, THz, and sub-THz frequencies using known particles sizes and concentrations. The extinction coefficient takes on the following form
where N is the number of particles per unit volume, c is the speed of light, is the electromagnetic frequency, Re denotes real part, and a m and b m are the coefficients in the infinite summation such that, 
͑7͒
Here j m ͑z͒ and h m ͑2͒ ͑z͒ are spherical Bessel functions of the first kind and third kind, respectively. The parameter z can be either x =2r / c or y =2nr / c, where r is the radius of the spherical particle and n is the frequency independent refractive index of the particle.
As an example, we can estimate the attenuation due to battlefield 48 or wildfire particulates and smoke 49 using Eqs. ͑6͒ and ͑7͒. As shown in Fig. 3 , IR wavelengths are strongly attenuated while THz and sub-THz wavelengths would enable communications through a much longer link distance.
The attenuation of THz radiation is a function of altitude and temperature. At higher altitudes, the humidity decreases leading to a large increase in the maximum distance for THz communication. Figure 4 illustrates the predicted channel capacity as a function of frequency for a link from the ground to an unmanned aerial vehicle at 5 km altitude. 50 The model assumes a linear channel which is distorted by white Gaussian noise and atmospheric absorption. It calculates the channel capacity based on the Shannon-Hartley theorem and the system parameters shown in the legend of Fig. 4 . We compare three cases such as: ͑a͒ the channel bandwidth is fixed at 100 MHz ͑dotted curve͒ and ͑b͒ the channel bandwidths equals 10% of the carrier frequency ͑solid curve͒. In both cases we assume signal propagation under vacuum conditions ͑no absorption͒. To visualize the atmospheric effects on the communication link, we assume in case ͑c͒ the channel bandwidth to be again 10% of the carrier frequency but also moderate rain with 4 mm/h precipitation across the signal propagation path. Due to strong attenuation at higher THz frequencies, the effective channel capacity is reduced. Above about 500 GHz the channel capacity drops sharply about five orders of magnitude. From this we can conclude that ultrahigh capacity channels ͑Ͼ10 Gb/ s͒ with transmission distances of over several kilometers have to operate in the frequency range between approximately 100 and 300 GHz.
As an example of how humidity and other weather conditions effect THz communication, we theoretically consider 51 a communication link operating around 250 GHz ͑Fig. 5͒. As illustrated in the figure inset, 250 GHz is chosen because it is roughly in the middle of the 200-300 GHz atmospheric transmission window. A 100 Gb/s differential phase-shift keying signal is encoded on the 250 GHz carrier on the transmitter side by means of a Mach-Zehnder modulator ͑MZM͒, driving in push-pull operation. The sub-THz signal propagates through a channel whose water content can be varied. The inlay in Fig. 5 shows qualitatively the impact of humidity on the transmission band. Clearly, the channel attenuation increases but also the passband is tilted with increasing water content. The resulting bandwidth limitation causes significant distortions which we visualize by simulating the baseband eye diagram of the received signal. The baseband signal is generated by down mixing the received signal and launching it through a Mach-Zehnder interferometer to convert its phase coding into an amplitude modulation. In the first case, we assume standard weather conditions and plot ͑Fig. 6͒ the eye diagram for back-to-back, 1, 2, and 3 km transmission distances. To highlight the impairment by channel bandwidth reduction, we normalize the received signal power ͑no attenuation by absorption͒. After about 3 km the eye diagram is completely closed preventing high quality data communication. In the second case ͑Fig. 5͒ we assume rain at a rate of 4 mm/h across the free space propagation area. As expected the impairments are even stronger than in FIG. 3 . ͑Color online͒ Predicted IR ͑a͒, THz, and sub-THz ͑b͒ attenuation due to spherical airborne particles. For the calculation, parameters comparable to battlefield fog oil particles are used: particle density 5 ϫ 10 6 / cc, 0.2 m particle radius, and a real index of 1.5.
FIG. 4.
͑Color online͒ Channel capacity vs frequency for a link between the ground and an airborne vehicle at 5 km altitude. The communications channel follows a line of sight path from the ground to the vehicle at an angle of 30°relative to the horizontal. The dotted line corresponds to a fixed bandwidth of 100 MHz, the solid line corresponds to a 10% bandwidth in vacuum, while the dashed line corresponds to 10% bandwidth in rain at a rate of 4 mm/h. For this calculation, the transmitter power is assumed to be 0.5 W. The diameter of both the transmitter and receiver antennas is 7.5 cm, the noise figure is 8 dB, and the antenna loss is 3 dB. the case of standard weather conditions. The eye diagram is already completely closed after 2 km transmission. This simulation shows that weather conditions have to be considered during the system design. To mitigate eye distortions, it could be better to split the 100 Gb/s data load onto ten channels ͑each at 10 Gb/s͒ which are frequency spaced. Other alternatives could be to apply more bandwidth efficient modulation formats e.g., quadrature phase-shift keying or signal equalization on the receiver side.
E. Indoor versus outdoor
In considering the atmospheric attenuation of THz waves, clearly certain spectral "windows" are available for THz communication such as the 200-300 GHz window of Fig. 2 . Based on the strong atmospheric attenuation, Koch 22 concludes that practical THz communication distances are limited to several tens of meters. Therefore, he predicts that THz wireless systems will be limited to medium-link and short link indoor applications since outdoor scenarios are much less likely unless adverse weather conditions are rare. Since both indoor and outdoor THz systems exhibit smaller diffractive effects at THz frequencies compared to microwave frequencies, one would expect that any THz system would require line of sight connection between transmitter and receiver. For outdoor systems, this restriction is less of a problem, for example, if the transmitter and receivers were placed on roof-tops of buildings. For indoor systems, one would have to rely on nonline of sight paths including reflections from walls. Clearly objects or people moving in the beam path will severely disrupt the communication channel.
Using the Friis equation, a simple estimation for a reliable indoor THz link suggests that 31 dB gain per antenna is needed to compensate for free space damping. 22 A more detailed analysis of the link budget 29 estimates that a 10% bandwidth for a 350 GHz THz link would require antenna gains of 22 dB, 27 dB, 30 dB, and 33 dB for link distances of 1 m, 3 m, 5 m, and 10 m, respectively. The large gain per antenna requires the THz emission to be highly directional and therefore line of sight detection is required. It is important to note that this modality of a THz wireless data link is very different from today's indoor wireless communication systems. Consequently, implementation of an indoor link THz communication cannot be just an extension of existing technology but must involves the development of new concepts and ideas to make it feasible. 22 As a further example of the need for new ideas, objects can block line of sight ͑people moving around in a room͒ so that alternative nonline of sight routes, such as reflections from walls, are required for a THz communications link. However, since the reflection from typically building materials 52 would introduce additional losses in the links, highly reflecting mirrors are needed. In addition, steerable high-gain antennas are required to connect from another path in case the primary path is blocked.
A key hardware component to implementing indoor THz communications is reflective "wall paper" that increases the THz reflection 53 from walls in the event of a nonline of sight path in a room. The first version of the reflecting paper 54 used alternating layers of plastics ͑real refractive indices 1.7 and 1.59͒. Stacked alternative layers produced a relatively high reflectivity ͑76%͒ at 187 GHz with a ϳ16 GHz bandwidth. One advantage of these dielectric mirrors is that they are flexible since they can be fabricated with flexible plastics. However, the maximum reflectivity is limited by the index difference between the different layers. An improved version of the mirrors, described in Ref. 55 , consists of alternating stacks of polypropylene ͑n = 1.53͒ and high resistivity silicon ͑n = 3.418͒. These mirrors, due to the large index difference between adjacent layers, have high reflectivity ͑Ͼ95%͒ for both s-polarization and p-polarization regardless of incident angle. The bandwidth of the mirrors is limited to ϳ56 GHz due to the shifting of the p-polarization reflection band with incident angle. Measurements of the dispersive properties of the mirror show that the group delay is on the order of a 5 ps ͑Ref. 56͒ with some variation in both the THz frequency ͑between 0.25 and 0.4 THz͒ and polarization. Unfortunately, the 63 m thick crystalline silicon layers are not flexible. However, a flexible high-index dielectric could be fabricated by mixing high resistivity silicon or TiO 2 powder with polypropylene and coextruded. 57 This should improve both the quality and uniformity of a flexible dielectric THz mirror.
In order to characterize the indoor THz communication channel, ray tracing, and Monte Carlo simulations were performed. 22 Ray tracing techniques can be used since the THz wavelength is small compared to the geometric size of typical indoor scatterers. Consequently, the THz communication channel can be described using basic parameters such as free-space attenuation, reflection coefficients from objects in the room, antenna gains, and the power delay profile. The power delay profile refers to the path length difference between the direct line of sight and once or twice reflected THz radiation. Clearly, there will be a time delay in the data at the receiving antenna depending of which path is taken. If the data rate were too high, there would be intersymbol interference ͑ISI͒ between data traveling along the multiple paths.
In the simulation environment, models are included for people and objects. They are placed randomly in a "cell" or room and geometrically modeled with planes of appropriate dimensions and THz reflectivity. People are considered to be totally absorbing. Metallic surfaces are considered to reflect THz radiation perfectly. Reflection of smooth objects are modeled with Fresnel equations using the known complex indices of refraction and angles of incidence as input data. In some of the earlier simulations, it was shown that high gain antennas are required for indoor THz communication links. In addition, the placement of people was considered to be static. The simulations have been improved 26 to consider motion of people including their speed movement, direction of motion, and changes in direction of motion. The simulation allows people to be moving in the room for 30 s. The THz transmitter is positioned on the ceiling while the receiver is located on a desktop in the room. Monte Carlo ray tracing from transmitter to receiver establishes THz communication channel statistical properties. The simulation calculates the THz power at the receiver from direct line of site paths, once reflected paths, and twice reflected paths. The assumed sensitivity limit for detection is Ϫ110 dBm. 30% of all simulated paths are interrupted by FIG. 6 . ͑Color online͒ ͑a͒ Simulated transmission bands as a function of frequency and link distance for standard weather conditions. Simulated eye diagrams for transmission distances of ͑b͒ 0 km, ͑c͒ 1 km, ͑d͒ 2 km, and ͑e͒ 3 km. Equivalent transmission ͑f͒ and eye diagrams for rain at a rate of 4 mm/h at link distances of ͑g͒ 1 km and ͑h͒ 2 km. interfering objects. Shadowing effects are observed predominately near static objects such as furniture and walls. While direct line of sight is not feasible due to moving objects, twice reflected power should be avoided: more than Ϫ100 dBm of power from twice reflected path is available only 30% of time. Once reflected paths provide more than Ϫ95 dBm of the power 65% of the time. Consequently, the indoor link design should depend on direct line of sight power and once reflected light.
If the data rate were too high, there would be ISI between the multiple paths. Consequently, the data rate must be slow enough to eliminate ISI. For the simulated channels, 90% have a time delay spread of less then 10 ns. From this maximum time delay, Piesiewicz et al. 26 estimate a maximum data rate of 5 Mb/s on a given binary channel. Multiple channels would be required to achieve gigabit per second data rates. Since the THz beams are highly directional, Piesiewicz et al. suggest that "smart" ͑steerable͒ antennas could utilize one propagation path at a time and therefore eliminate ISI. However, such an antenna system still needs to be developed and evaluated.
In summary, from these simulations it is concluded that ͑a͒ alternative routes are needed in which THz reflects off of walls to make the system robust against obstacles blocking a primary line-of-sight path of the THz beam. Only direct line of sight and once reflected beams should be utilized, ͑b͒ dielectric mirrors improve indoor THz communications by increasing the reflectivity of the walls for nonline of sight links, and ͑c͒ interference ͑ISI͒ among the various beam paths limits the maximum data rate in a single binary channel. Multiple channels are required for gigabit per second data rates. ͑d͒ Lastly, high gain and smart steerable THz antennas are needed to switch between different link paths to minimize ISI.
III. SECURE WIRELESS THZ COMMUNICATIONS
Many papers in the THz scientific literature-whether they discuss THz sources, detectors, components, or communication-typically motivate their work by rightfully claiming that THz can be used for "secure" communications. Scenarios for secure links might include stealthy short distance communications between vehicles ͑manned or unmanned͒ and personnel. Unmanned vehicles may require short-distance secure communications links so that they can receive instructions/transmit data before dispersing to conduct their remote controlled or autonomous mission. In order for the link to be secure, unauthorized personnel should not be able to identify either the data via eavesdropping on communication channels or the presence of a communication link.
A major driving force within the United States Department of Defense ͑DOD͒ for secure wireless THz communications may result from plans 24 for broadband mobile-onthe-move technologies using both terrestrial and satellite units. DOD expects that its requirements beyond 2014 will be driven by a transition to wideband networks. This shift in technology mirrors the DOD's desire to shift from a manual spectrum management plan to an autonomous electromagnetic spectrum management regime. Beyond 2014, DOD's spectrum use will be driven by the transition to wideband network waveform wireless networks that contribute to DOD's network centric warfare model. Through such new technology, DOD plans a combat system that can link ground, maritime, aeronautical, and space operations with layered redundancy, constant connectivity, and situational awareness. Clearly, for such a system high bandwidth and secure communications are essential. As part of a complete system, THz communication links could provide both of these essential features.
What are the characteristics of THz communication that makes it secure? ͑a͒ highly directional beams compared to microwave communications, ͑b͒ less scattering of radiation compared to IR wireless, ͑c͒ limited propagation distance due to atmospheric attenuation, ͑d͒ encryption of the beam, ͑e͒ large channel bandwidth for spread spectrum techniques which enable antijamming and low probability of detection systems, and ͑f͒ hidden THz signals in the background noise.
Since the frequency of THz radiation is larger than that of microwaves, beams of THz radiation will diffract less during free-space propagation. Consequently, as discussed previously, THz communication is typically line-of-sight. Since the THz communication beams are highly directional, it is possible to minimize the area over which THz radiation can be detected. Microwave wireless communication is less directional; the side-lobes of microwave radiation could be more easily detected by unauthorized personnel. On the other extreme of frequency, IR wireless communications are more highly directional than THz due to the higher carrier frequency and smaller potential beam diameter. However, IR radiation is more efficiently scattered by airborne particles. Scattered IR radiation from airborne particles could be detected thereby compromising the communication channel.
Intrinsic atmospheric attenuation of THz radiation, while limiting the maximum distance for wireless communications, could also be a benefit for secure links. Atmospheric absorption controls signal spreading and limits the detection area. Attenuated wavelengths in IR links ͑5-7 m͒ can be used for secure communications. 37 For short distances, data transmission to the intended target detector can be facilitated since the radiation is highly directional. However, the link is secure over longer distances since the radiation is absorbed by the atmosphere. Similarly for THz radiation outside of a limited propagation distance, the THz radiation is highly absorbed by the atmosphere making unwanted detection of data very difficult. The communication of such systems can be limited by absorption to certain geographic areas thus it will be much more difficult to detect and intercept the signals outside of these areas by eavesdropping even when the system is running in a broadcasting mode.
In addition to the intrinsic propagation properties that enable secure THz communication, the technological advantage of an ultrawide-bandwidth communication system can reduce an adversary's chances for successful attacks on a protected link. For example, the large channel bandwidth of THz systems allows for specific protection measures for channels against various standoff attacks like jamming. Another advantage of ultrahigh bandwidth THz systems, in ad-dition to immunity against standoff jamming attacks, could be the ability for completely hiding information exchange.
Communication systems can be roughly subdivided into three different categories of security. Well-known are methods for encrypting data using codes thus only a receiver with the right key can decode and read the information. However, this method does not tell the receiver if eavesdropping takes place along the link. Quantum cryptography establishes data exchange based on entangled states of particles. Such schemes indicate to the receiver possible eavesdropping attempts. However, eavesdroppers or other unauthorized third parties will at least be able to notice that data exchange between sender and receiver is on going. We are suggesting a third and novel kind of secure THz communication: an ultrawide bandwidth THz channel allows for low probability of detection communication such that the communication links can be in principle be completely hidden such that a third party would not even notice that signals are exchanged.
The atmospheric THz transmission window with a center frequency around 240 GHz offers about 100 GHz of bandwidth. Spreading the data throughout the 100 GHz bandwidth makes the system difficult to jam because an adversary would need to generate high power to overwhelm the THz receiver. The key to this antijamming technique is to efficiently spread the data throughout the available THz bandwidth using high speed modulators and demodulators. While it will take still some time before ultrawide bandwidth modulators and demodulators for THz signaling are available, technology for designing multiplexers and demultiplexers to perform logic data processing at 100 Gb/s already exists for ultrahigh speed fiber communication at 1.5 m wavelengths. We explain the operation principle of the frequency spreading system by means of Fig. 7 . A 1 Mb/s data signal, modulated on the continuous wave ͑cw͒ output of a THz source, is encrypted using a long code sequence at a chip rate of 100 Gb/s. A signal from a jamming attack that does not carry the correct codeword but possesses the right carrier frequency and chip rate will get further spectrally broadened in the decoder by approximately a factor of ͱ 2 depending on the chosen modulation format. Assuming that the transmitter signal is perfectly deconvoluted and has a spectral efficiency of about 1 bit/s/Hz then narrow bandwidth post filtering at the decoder output results in a rejection ratio for jamming attacks of about 40 dB, i.e., a potential jammer must possess a technology advantage allowing for building sources that output several orders of magnitude more power in order to prevent communication. However, it will probably be extremely challenging to modulate 100 Gb/s data signals on a carrier at 240 GHz due to the required unusually high bandwidth-to-carrier-frequency ratios.
As an example, of the frequency spreading, consider a broadcast configuration in which the THz signal is emitted at a power level of Ϫ14 dBm ͑which can be reached, for example, with an integrated multiplied microwave source͒, and intensity-wise evenly radiated across an area of 10 km 2 size. A receiver antenna with an effective aperture of 1 m 2 would collect about Ϫ104 dBm power. This level is sufficient to detect the data at high quality if the decoding can be assumed to be lossless and a 20 dB link margin can account for atmospheric propagation losses. A 20 dB power margin to compensate for coding and decoding losses can be achieved by increasing the emitter power to about 4 mW. 58 In principle the receiver noise is limited by the thermal noise of the antenna. Thus at room temperature and a signal bandwidth of ⌬B sig ϳ 1 MHz, the antenna noise after narrow bandwidth filtering accumulates to N o = k B T ⌬B sig = 4 fW leading to a signal-to-noise ratio of approximately 10 dB. If a loop finder, used to locate a hidden sender, is steering directly in the direction of the emitter but does not have the right code sequence to decode the signal then it would measure the emitted signal as a slightly enhanced antenna noise. More quantitatively, the detected ultrawide bandwidth signal would appear as an antenna temperature enhancement of ⌬T ϳ −104 dBm / ͑k B ϫ 100 GHz͒ϳ30 mK.
Although this amount is very small compared to possible natural environmental sources, the signal spectrum could in principle be completely hidden in the thermal noise by using "channel cooling." The idea is sketched in Fig. 8 . The aperture of the THz emitter is surrounded by a mounted cooled plate and radiates into the area where a receiver and a possible loop finder is located. It can be shown that if the loop finder were far enough away such that its spatial resolution is not high enough to selectively detect the emitter aperture and the cooled plate, it would measure only an average antenna noise that could be chosen to be adjusted to the environment level. Hence, the emitter would be in its active frequency range spectrally invisible. This example is just intended to illustrate the main idea behind channel cooling for concealing the emitter. The amount of cooling depends on several system parameters like, distance, plate size, received power, apertures of the loop finder and emitter. However, we expect that under assumption of reasonable system parameters a cooling of a few degrees kelvin for a plate with size compa-
We mention that a more detailed analysis is required to fully describe the potential of this method, e.g., the concept works best if absorption losses in the atmosphere can be neglected.
IV. THZ HARDWARE FOR WIRELESS COMMUNICATIONS
In this section, we will review the basic hardware for THz communications links including methods of THz generation, THz detection, and modulation.
A. Methods of THz generation

Optoelectronic
Using optoelectronic generation, one has a variety of options to convert beat frequencies from visible/near IR laser beams to THz signals including via photodetection ͓e.g., unitraveling-carrier photodiode ͑UTC-PD͒, comb frequency generators͔, cw photomixing, and of course time-domain THz generation. Since optoelectronic THz sources have been recently reviewed, 59 we emphasize the highlights that are relevant for THz communication. In this section, we will focus on THz generation by ultrafast pulsed lasers, rectification in fast PDs ͑e.g., UTC-PD and optical frequency comb generators͒, and cw photomixing.
One of the older methods for the generation and detection of THz radiation utilizes photoconductive antenna ͑PDA͒ structures. The PDAs are typically fabricated using a fast photoconductive material ͑for example, low-temperature grown GaAs͒ which acts as a fast switch in a metallic ͑e.g., gold͒ antenna structure. When the unilluminated structure is biased with a constant voltage, no current flows in the device since there are virtually no optical induced charge carriers in the photoconductive switch. Upon illumination with a short optical pulse, for example from a mode-locked Ti:sapphire laser, the photoconductive switch closes ͑becomes highly conductive͒, and there is a brief surge of current in the antenna structure. By Maxwell's equations for electromagnetics, the time-varying current induces a freely propagating THz electromagnetic wave. This structure, which is extensively used in THz time-domain spectroscopy ͑THz-TDS͒, is well-known 60 and will not be reviewed here. The pulses, which are generated and received by THz emitter and detector modules, possess a bandwidth of roughly 0.1 to 2.5 THz ͑wavelength range of 0.12 to 3 mm͒. The technology has been sufficiently developed that photoconductive THz sources and detectors, as well as cw photomixers, are commercially available from companies such as Physical Domains, T-Ray Science, and GigaOptics.
Related to the PDA structure for THz-TDS are cw photomixers for THz radiation. 61, 62 In the literature, photomixing is sometimes called optical heterodyne conversion in a photoconductive switch. However, it should be noted that optimizing the photoconductive devices for THz time-domain does not necessarily also optimize the devices for cw photomixing. In the photomixing process, two colinear optical or near-IR beams illuminate the photomixing structure. The two beams are typically narrow optical bandwidth laser sources which are frequency stabilized. For efficient photomixing, the polarizations, frequencies, and phases of the input optical beams must be stable. Similarly ͑as will be discussed below͒ a stable pulse repetition rate is important for both THz-TDS and optical frequency comb generation of THz radiation. The photomixing process produces a THz beam at the difference frequency of the two laser beams. The THz frequency is adjusted by tuning the difference frequency of the two IR laser sources. Whereas the time-domain method produces a THz pulse that is spectrally broad, the cw mixing method produces a narrowband THz signal which is typically limited by the linewidth of the lasers to roughly 1-2 MHz.
As pointed out by Duffy et al., 61 photomixing is fundamentally different from second-order ͑2͒ nonlinearities which give rise to difference frequency generation. For the ͑2͒ processes, two optical photons produce a single low energy THz photon with low quantum efficiency. Consequently, photomixing is more efficient that ͑2͒ difference frequency generation at low THz frequencies. At higher THz frequencies, ͑2͒ nonlinearities are more efficient due to parasitic impedances which limit the THz bandwidth of photomixers. Duffy identified several factors which restrict the THz power of cw photomixers including the lifetime of photocarriers, which limits the high THz frequency response, and thermal dissipation, which caps the optical illumination powers and bias voltage levels. For a dual-dipole design, the maximum THz output powers for a single emitter are roughly 3 W. Arrays of emitters or large gap antennas that produce tens of microwatts of THz power are commercially available.
A recent review of microwave and millimeter wave generation by optical comb techniques can be found in Ref. 63 . An optical frequency comb refers to the optical spectrum of a periodic pulse train. Typically the pulse train is generated either by a pulsed mode-locked laser system or by modulation of a continuous laser beam. Ideally, the spectrum consists of a set of discrete frequencies which are separated in frequency by a stable pulse repetition rate. When the optical frequency comb illuminates a high-speed PD detector, the optical signal is rectified producing an electronic output signal within the electronic bandwidth of the PD detector. The electrical output is produced at the frequency interval of the comb and its harmonics. A key feature of the high-speed detector is that it must have an electronic bandwidth in the sub-THz to THz range.
Over the past ten years, the UTC-PD has emerged as a viable high-bandwidth device for optical generation of MMW and sub-THz radiation. UTC-PDs have been developed for both 1.5 m light using InP/InGaAs ͑Ref. 64͒ as well as 800 nm light using GaAs/AlGaAs. 65 The UTC-PD is a heterojunction PD with a p-type absorptive region. An electron-hole pair is generated in the absorption layer when a photon is absorbed. The photogenerated electron moves through a nonlight absorbing collection layer and into the n-layer at high velocity. Since the hole carrier moves very slowly in the p-type region due to a diffusion blocking layer, the response of the device-which is in the sub-THz band-is determined by the electron's velocity. Alternative PD structures, such as the separated-transport recombination PD, have been demonstrated as THz emitters as well. 66 A recent review of high-power radiofrequency and THz PDs can be found in Ref. 67 .
Variations in the optical frequency comb technique enable the generation of either multiple sub-THz frequencies or single frequencies. For example, a photomixing geometry can be used. Two single-frequency 1.5 m lasers beams can be combined, amplified, and then illuminate the UTC-PD to generate tunable THz radiation. 64, 67, 68 In another embodiment, by splitting the output of an optical comb frequency generator, one then can use injection-locked lasers to each select out a single optical frequency. By combining and amplifying the two selected frequencies, and then illuminating a UTC-PD, power is generated at the difference frequency of the two visible wavelengths corresponding to an integral multiple of the combs frequency interval. 69 Conceptually, the optical frequency comb method of THz generation is equivalent to all-electronic frequency mixing techniques in which the optical frequency comb sources are replace by phaselocked microwave sources which are detuned in frequency to the THz range. 70 The frequency comb is generated by coupling the microwave sources to a nonlinear transmission line pulse generator. The generation of THz radiation by optical frequency combs from two mode-locked Ti:sapphire lasers has also been demonstrated. 71 Using an optical frequency comb in combination with the UTC-PD, the Microsystem Integration and Photonics Laboratories group at NTT Corporation have demonstrated THz data transmission at ϳ120 GHz and more recently in the 300-400 GHz band. 68 The photonic sub-THz emitter 72 at 120 GHz consists of an optical comb frequency generator and UTC-PD which converts an optical frequency comb to a sub-THz electrical signal. A schematic of the THz source is shown in Fig. 9 . The key features of the source are the optical sub-THz generator ͑the optical frequency comb͒ and the photonic emitter. The photonic emitter consists of a UTC-PD which converts modulated optical frequencies in the comb to the sub-THz range, an amplifier, and an antenna structure to launch the sub-THz.
The NTT group has used various methods 67 to generate the optical frequency comb. For example, 27 a 30 GHz reference sine wave can drive a subharmonic mode-locked laser diode ͑MLLD͒ to generate an optical pulse train at a repetition rate of 60 GHz. The repetition rate is doubled to 120 GHz by directing the output of the subharmonic MLLD to an optical clock multiplier Mach-Zehnder interferometer device. An alternative method for generating the 120 GHz modulation in the optical pulse train analogous to Ref. 69 is to use beating of two modes from the MLLD in which the two modes are spaced 120 GHz apart. The two modes can be selected using an arrayed waveguide grating. With these methods, one could in principle generate optical combs with frequency spacing at multiples of the 60 GHz repetition rate. In a third variant of the optical frequency comb generator, 73 ͑Fig. 16͒ the output of a single-mode laser is modulated at a frequency of 62.5 GHz by a LiNbO 3 ͑LN͒ optical intensity MZM. The output of the modulator is split into two beams in a planar waveguide coupler. Next, an array waveguide grating selects two of the optical sidebands which are separated in frequency by 125 GHz. These two optical beams are then recombined using a 3 dB coupler. The net output after recombination are two optical beams separated in frequency by 125 GHz. This input can then be amplified by an erbiumdoped fiber amplifier ͑EDFA͒ and directed into the UTC-PD. For these frequency comb methods to perform satisfactorily, as with all frequency comb methods, a very stable pulse duration is required. 72 The output of the UTC-PD is amplified by a broad-band high electron-mobility transistor ͑HEMT͒ amplifier, while a planar-circuit-to-waveguide substrate transitions the amplified sub-THz signal to an antenna. A high-gain Gaussian optic lens collimates the sub-THz radiation making the photonic emitter highly directional. The HEMT amplifier boosts the sub-THz power that is launched thereby reducing the input optical power necessary for error-free data transmission. With the HEMT amplifier, the photonic sub-THz emitter delivers approximately 8 dBm of 120 GHz power to the launch antenna. 72 Using PD technologies, the maximum output power which has been demonstrated in the 0.4-1 THz range is about 10 W. Output power levels approaching 1 mW might be possible 67 if ͑a͒ the limitations in PD saturation current and dissipation of thermal energy can be circumvented, ͑b͒ optimal and efficient coupling between the PD and launch antenna can be realized, and ͑c͒ arrays of antennas can be used to combine the THz power from many PDs into a more powerful THz source.
Microwave frequency multipliers
Rather than using optical sources and mixing down the frequency to access the THz range, conceptually one can begin with a lower frequency, i.e., microwave sources and multiply the frequency into the THz range. One method of fabricating microwave frequency multipliers is to use Schottky diode based components. 74 For example, Virginia Diodes has fabricated autarkic ͑meaning independent or free from external control or constraint͒ transmitter and receiver units. These transmitter and receiver units ͑schematic shown in Fig. 10͒ were used by Jastrow et al. 75 to demonstrate the feasibility of THz communications. A 16.66 GHz source consisting of a dielectric phase-locked resonator oscillator with a 10 MHz reference crystal oscillator͒ is frequency tripled, amplified, and then tripled again. The resulting 150 GHz signal is combined with a local oscillator ͑LO͒ from a dc-10 GHz signal generator in a subharmonic mixer. The subharmonic mixer mixes the second harmonic of the 150 GHz input signal with the 0-10 GHz LO signal. Virginia Diode uses a symmetrical diode combination to achieve the mixing with high efficiency. This configuration also requires that the input ͑150 GHz͒ and output sub-THz signal frequencies differ by about a factor of 2, so they can be coupled through different waveguides without the need for a diplexer. 76 A feed horn for the sub-THz radiation is directly attached to the mixer block. The authors report that the 50 W of power is launched at 300 GHz. The newest sources from Virginia diodes produce several milliwatts of power at 300 GHz.
Quantum cascade lasers
Since there have been recent reviews 77, 78 of THz quantum cascade lasers ͑QCLs͒, this review paper will not delve into extensive details but rather on details related to those of THz communication. To date, mid-IR QCLs operate cw at ambient room temperature. The resonant-phonon depopulation scheme has produced good results in the THz: 2.7 THz at 169 K ͑pulsed͒ and cw at 3 THz and 117 K. Below 2 THz, the best results are 1.59 THz at 71 K in cw mode. Using a coupling lens, one can obtain 145 mW at 4.1 THz and 160 K. THz QCL are difficult to realize for two reasons 78 such as: ͑1͒ Since the THz photons energies are small ͑ϳ4-20 meV͒, it is very difficult to inject/remove electrons from closely spaced subbands in order to create the population inversion necessary for gain. ͑2͒ Since free-carrier absorption increases as the square of the wavelength of light, the waveguides of QCLs need to minimize the spatial overlap of the lasing modes with the doped semiconducting cladding layers in the waveguides. What is clear from the literature is that THz QCLs operating below 1.5 THz and at room temperature will probably not be available in the near future. In fact, the trend of THz QCLs is that very low temperatures ͑Ͻ40 K͒ are required to achieve lasing below 1 THz. 78 Based on the frequency dependence of the atmosphere ͑see Figs. 2 and 4͒, one would not expect QCLs to play a significant role in wireless THz communication components since the expected frequency of a THz system would be ϳ300 GHz. One exception to this reasoning could result from frequency mixing ͑or specifically four wave mixing 22 ͒ of QCLs to generate power in the THz range. Note that limited THz communication demonstrations have been performed with 3.8 THz QCLs.
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B. Methods of THz detection for communication links
In studying THz detection methods in the literature, two general trends are clear: ͑a͒ some "traditional" THz detectors such as Golay Cells are two slow to respond at the tens of gigabit per second data rates envisioned for a THz communication system ͑b͒ the THz detection method is usually intimately linked to the THz generation method. For example, systems in which THz is generated by frequency multiplied microwave sources are typically detected using the same or similar microwave sources. Systems in which the THz is generated optoelectronically, as in THz time-domain or cw photomixing, use the same physical principles as well as laser sources to detect the THz radiation. However, this is not necessarily the case. For example, Loffler et al. 80 used a multiplied Gunn emitter as the 0.6 THz source and a modelocked Ti:sapphire laser in conjunction with a ZnTe crystal for electro-optic detection of the THz radiation. Su et al. 81 demonstrated detection of a 94 GHz millimeter wave source using cw THz photomixer detectors. Since THz time-domain and cw optoelectronic photomixing detection have been extensively documented, 82 this section will focus on summarizing other THz detection methods for THz links.
Piesewicz et al. 26 suggests Schottky diodes as THz heterodyne mixer detectors. In the most recent results using this concept, Jastrow et al. 75 applied a similar design for the mi- 72 with 120 GHz subTHz communication systems used a variety of detection systems including Schottky diodes, mixers, and all-electronic InP MMICs. 73, 33 The MMIC chipset which is used for the all-electronic transmitters and receivers has an on-wafer measured bit error ratio ͑BER͒ of 10 −12 at 11 Gb/s. It is interesting to note that unlike Jastrow et al. ' s work in which the THz transmitter and receiver operate on the same physical principles ͑i.e., Schottky devices͒, Hirata et al. can use their Schottky diode detectors with a variety of THz sources including optical millimeter wave sources ͑e.g., optical frequency comb/UTC-PD͒. Since the THz source and MMIC receivers are independent of each other, the receiver unit must include a clock recovery circuit.
C. THz antennas
Koch suggests
22 that planar antenna structures on dielectric lenses and waveguide feed horns are most promising for THz communications. Planar antenna structures can be readily integrated with other planar devices whereas waveguide feed horns have excellent performance and low loss. In the case of the UTC-PD THz source, both antenna types are used. Figure 11͑a͒ illustrates a simple THz source comprised of a planar antenna and silicon lens. ͑Many standard PDA structure devices ͑either time-domain or cw photomixing͒ have a similar construction͒. The THz radiation interacts with the planar antenna as it is radiated into space. The silicon lens reduces the divergence of the THz radiation from the antenna. An external lens is then used to collimate the light. Figure 11͑b͒ illustrates the coupling of the UTC-PD output first into waveguide structure. The sub-THz signals from the UTC-PD chip are coupled to a tapered slot antenna via a coplanar waveguide. The sub-THz radiation is emitted from the antenna into the rectangular wave guide. The waveguide connects to a feed horn which then couples the radiation to free space. 72 References 61 and 62 discuss some of the basic science and engineering design considerations of planar antennas and circuitry for cw photomixing antennas. The capacitance of the interdigitated electrodes presents a major challenge in designing high output power antennas. Many of the early photomixers were of the log-spiral type. The advantage of the log-spiral is a large THz bandwidth. The disadvantage is low output power at higher THz frequencies. If one is willing to sacrifice THz bandwidth for improved THz power, then dipole and slot antennas are alternatives. Dual dipole designs, which have the advantage of efficient designs for highfrequency operation, exhibit more symmetric beam patterns and commensurately higher beam-coupling than single element designs. Whereas, dual dipole designs work best at higher frequencies, dual-slot antenna designs are bested suited for high power output Ͻ1 THz since it is more difficult to tune out the capacitance of the interdigitated electrodes with the slot design than the dual dipole design. As pointed out by Duffy et al., 61 log-spirals, single, and dual dipoles and slots have limited optical-power handling capability since the electrode region is limited to a fairly small area. The area is limited by ͑a͒ partial cancellation of photocurrents due to a phase mismatch across the illuminated active region and ͑b͒ the requirement for a small capacitance of the electrode region thereby, enabling inductive tuning. Duffy suggests that a distributed photomixer may improve the bandwidth and output power of photomixers above 1 THz. The company T-Ray Science has introduced arrays of photomixers and transmitters that take advantage of the high optical illumination powers that are available for cw photomixing. Using their photomixing antenna arrays, they demonstrate 1.2 W microwatts of THz power for 100 mW of optical input power. Due to the array design, a silicon lens is not required to collimate the THz beam. Their wide aperture ͑1 mm͒ antenna can produce ϳ55 W of power with 100 mW of optical pumping power. In both of their array and wide aperture designs, they do not observe a saturation in THz power as the optical power is increased.
V. IMPLEMENTATION OF THZ COMMUNICATION
In order to encode a THz carrier with data, clearly some sort of modulation scheme is required. The modulation scheme could either be a direct modulation of a THz source, which is intimately tied to the operational principles of the source, or an external modulator which in principle could be used on a variety of THz sources. In Secs. V A and V B, we briefly review a variety of modulation methods that are applicable to THz communications. First, we treat modulator schemes that are specific to a particular method of THz generation. Second, we review modulator methods that are independent of the particular choice of a THz source. In this review, we consider only modulation schemes that can impress arbitrary data patterns on the THz carrier. In addition to wireless communication, data modulation on THz signals could find application in sensing. When imprinting code sequences on pulse trains, ranging information from far distance scattering objects can be obtained to define selective measurement intervals. This technique is known from M-sequence radar where digital beam modulation enhances the system's unambiguous range. 83, 84 A. THz generator specific modulation schemes Clearly any modulation methods for THz communication must be capable of encoding THz radiation with random bit patterns in the case of digital data transmission. For both THz time-domain systems as well as cw photomixing systems, one of the standard methods for modulating the THz waveform is a delay line. Most time-domain THz systems use slow mechanical scanning delay lines, or mirror shakers ͑15-300 Hz repetition rate͒ 8 to detect the THz waveform on a point by point basis. Following the example of THz TDS, cw photomixing systems ͑e.g., two laser sources are typically multiplied or mixed in a device such as a PDA structure͒ typically use a mechanically scanning delay rail [85] [86] [87] to vary the optical path of the two IR laser beams after the beams have been combined. The mechanical modulation techniques, however, do not easily permit random delays which would be required for THz data transmission. Improvements to the mechanical modulation methods have included piezoelectric delay lines, which can be modulated with arbitrary voltage waveforms but have limited data rates ͑kHz͒.
Optoelectronic systems
One method for directly modulating the THz beam from a photoconductive THz antenna is to directly modulate the bias voltage that is applied to the device. 88, 89 Since the generated THz is directly proportional to the applied voltage across the photoconductive gap in these devices, a modulation of the applied voltage directly modulates the power of THz radiation with a 100% depth of modulation. Modulation rates of ϳ1 MHz have been demonstrated with this method. 88 The data rate in these types of modulation experiments, however, is limited to the detection bandwidth of the photoconductive THz detectors to 1MHz.
References 88 and 89 utilize modulation of the THz transmitter bias for time-domain THz communication. An alternative method for modulating cw THz beams, which are generated by the optical mixing of two IR beams in a photoconductive THz antenna, is to modulate the phase ͑or amplitude͒ of one of the IR beams. 90 For this method, the phase ͑or amplitude͒ of one of the IR beams is modulated at high speeds using a Lithium niobate modulator. Moreover, arbitrary waveforms or bit patterns can be generated by applying the appropriate voltage waveform to the Lithium Niobate modulator. Since the bandwidth of the modulator can be as high as the several gigahertz, one can in principle generate very high bit-rate patterns with this method. The current limitation with this method is the bandwidth of the photoconductive THz receivers.
For cw photomixing, the phase of the THz beam depends on the phase difference of the two IR beams which mix to generate the THz beam. If both beams were phase modulated in unison, there would be no phase shift imposed on the THz beam. Consequently, for the cw photomixer modulation described in Ref. 90 , the phase of only one of the IR beams that generates the THz radiation is modulated. The detection of THz by cw photomixers is a phase sensitive measurement: the output of the mixer depends on the relative phase between the incoming THz and the two IR beams which act as a LO for the mixer. Consequently, the signal from the photomixer not only depends on the amplitude of the THz signal but also on the phase of the incoming THz signal which could be altered due to a changing separation between the THz transmitter and receiver. If the phase of the THz beam were unimportant, alternatively one could amplitude modulate one or both of the optical beams. This approach of amplitude modulating the optical beams is used to data encode the optical frequency comb/UTC-PD THz generator ͑described in Sec. IV A 1͒. As illustrated in Fig. 16 , the optical frequency comb is modulated by data signals via a Lithium Niobate optical modulator and then amplified by a second EDFA. 91 An alternative method for electronically controlling the phase of a THz beam is through a liquid crystal. While 2 radian phase shifts have been demonstrated, the liquid crystal device necessitates low speed switching operation [92] [93] [94] rendering it not useful for the high data rates envisioned for a THz communication system.
Schottky diode mixer systems
Mueller and DeMaria 95 proposed a THz modulator based on a sideband-generator which modulates the phase of the radiation upon reflection from a modulated Schottky diode. Essentially, the device acts as an optical delay line whose position can be modulated up to GHz bandwidth. The device requires ϳ50-100 mW of input THz power and produces a modulated output of 2-4mW.
Improvements to Schottky mixer technology have enabled electronic modulation to THz carrier signals. As illus-trated in Fig. 10 , the modulated data can be introduced through the IF port of the mixer ͑labeled signal generator in the figure͒. The modulator method used by Jastrow et al. 75 to both modulate and detect the frequency multiplied microwave sources is based on GaAs Schottky barrier diodes 74 as the nonlinear elements in the THz frequency mixers and multipliers. Crowe et al. attribute the success of these THz components to three areas of technological innovation:
• The development of advanced fabrication technologies enabling precise fabrication of terahertz diodes and integrated diode circuits.
• The use of advanced computer aided design tools to simulate and optimize both the linear and nonlinear portions of the circuit.
• The development of innovative circuit designs. In particular, the inclusion of planar diodes enables the removal of the whisker-contact which is by far the most difficult and irreproducible part of the component assembly.
Planar diode chips enables the integration of multiple diodes in the circuit design incorporating more complicated circuit designs and higher power throughput. Moreover, the planar diodes enable the circuits to operate over an entire waveguide band eliminating the need for mechanical tuning mechanisms.
B. THz generator independent modulation schemes
Several approaches for external THz modulators have been discussed 96 including ferroelectric materials, liquid crystals, 93, 94 and optically or electronically free carriers in semiconductor structures. 97, 98 Optically or electrically driven external intensity and phase modulators based on active metamaterials have been demonstrated. 99 However, all of these methods show limited carrier frequency, modulation bandwidth, or modulation index.
Several THz modulators are based on the free-carrier absorption of THz radiation by either optically or electrically injected free carriers. Encoding of data on the THz beam is achieved by controllably modulating the free-carrier concentration in the device. One approach for the direct modulation of THz radiation was demonstrated 97 using an optically controlled mixed type-I/type-II GaAs/AlAs multiple quantum well structure. The long photocarrier lifetimes ͑0.91 ms͒ in the structure enables sizeable photoinduced carrier densities for low optical pumping power. When the device is illuminated with visible or near IR light, the increase in free-carrier density results in free carrier absorption of THz radiation which passes through the sample. The device requires low ͑40 K͒ temperatures for operation and does not exhibit better than a 72% reduction in THz transmission upon illumination.
Another electronic modulator but one that still required low operating temperatures, utilized five identical parabolic quantum wells with equally spaced electron subbands. 98 An applied electrical field was used to control the electron occupation of the quantum wells and thus the THz free-carrier absorption of the low temperature device. Room temperature operation of an electrically driven THz modulator was achieved by confining a two-dimensional ͑2D͒ electron gas at a GaAs/AlGaAs heterointerface. 100 Using fabrication technology for producing high electron mobility transistors, the electron density of the electron gas can be controlled by the application of an external gate voltage. Problematically, the maximum depth of modulation for the device was only 3%. The modulation bandwidth was ϳ10 kHz.
A silicon waveguide has also been used as a THz modulator. The waveguide is coated with optically transparent films enabling illumination of the waveguide and optical injection of free carriers in the waveguide to modulate THz transmission. The waveguide modulated required 240 mW of average power at 980 nm to achieve 70% modulation. 101 Further improvements to an optically injected free-carrier absorption THz modulator can we achieved by integrating the nonlinear element ͑e.g., the photodoping region͒ into a photonic bandgap or metamaterial structure. 96 A photonic bandgap or metamaterial structure-for example, fabricated by alternating layers of high and low refractive index-exhibits spectral bands of high or low photonic transmission. The introduction of a nonlinear layer into the otherwise repetitive structure has two effects such as: ͑a͒ introduction of a defect mode by breaking the periodicity of the photonic crystal structure and ͑b͒ potentially strong enhancement of the optical nonlinearity of the defect layer due to high localization of the electric field at the defect mode frequency. One structure constructed from alternating layers of crystalline SiO 2 and MgO with a semi-insultating GaAs wafer as a defect layer exhibited a 600 GHz defect band with a FWHM bandwidth of 5-16 GHz. The authors measured the free electron lifetime in the GaAs to be 170 ps. Based on this lifetime, they estimate a maximum switching rate ͑by optical illumination͒ to be 5 GHz. They estimate a 50% amplitude modulation corresponding to a 10 15 -10 16 / cm 3 concentration of optically induced carriers in a 1 m thick photoexcited layer. But no experimental results verifying these predictions are presented.
Another example of a photonic bandgap/metamaterial structure for an electronically controllable THz modulator is based on a 2D slit ring resonator ͑SRR͒ structure. 102 The measured phase and amplitude of a transmitted THz wave through the structure is shown in Fig. 12 . This single layer structure exhibits photonic resonances at 0.81 THz from the individual SRRs and at 1.7 THz from a collective resonance associated with the SRR periodicity. The resonators are fabricated on a 1 m thick epitaxial layer of n-doped GaAs. The SRR and GaAs layer form a Schottky diode structure. The application of a voltage to the diode structure modifies the free carrier concentration in the depletion zone and consequently modifies the tuning of the dielectric properties near the optical bandgaps of the SRRs resulting in a voltage controlled change in the THz transmission. At zero voltage bias the photonic bandgap THz transmission resonances are weak because the intrinsic free carriers shunt the metamaterial's capacitive gaps, leading to relatively small THz absorption at resonance. When a reverse bias voltage is applied to the device, the depletion region increases in size thereby causing an increase in oscillator strength, and THz absorbance, for both resonances.
The modulation characteristics of the device are complicated by the fact that the change in transmission amplitude and phase are strongly frequency dependant. If this metamaterial modulator were used for a modulator in a THz communication system, in general both the phase and amplitude of the THz signal would be modulated. However, if one operates the device near 0.81 THz, the modulation in phase is minimal while the modulation in amplitude is maximized. Likewise operating the device near 0.89 THz yields maximum phase modulation but minimum amplitude modulation. The maximum transmission intensity change in the device is 80% while the maximum modulation rate is approximately 2 MHz. Until today only simple modulation formats ͑ampli-tude modulation͒ have been demonstrated in THz communication links. But it can be expected that THz communication will follow a similar path to that of radio communication, i.e., more advanced modulation formats as e.g., frequency modulation ͑FM͒ or quadrature amplitude modulation will be applied to achieve modulation gain or a higher spectral efficiency. The advantages of such more complex modulation formats are known and the challenges reside on the realization of required modulation hardware.
C. Clock recovery
In several examples for THz communication links in the literature, the same source that is used to drive the emission of THz radiation is also used to detect the THz radiation. For example, in THz time-domain measurements, light from a single mode-locked Ti:sapphire laser is split to drive both the THz transmitting antenna and gate the incoming THz pulses from the receiving antenna. Clearly, in a realistic THz communication link, the THz transmitter and receiver cannot be synchronized by the same source. For the case of a THz link based on time-domain THz, Lin et al. 103 suggest using a Piezoelectric-transducer-based optoelectronic phase lock loop to lock two separate Ti:sapphire lasers. This method could be applied to lock the repetition rates of two lasers at transmitting and receiving stations to a remotely distributed clock signal ͑for example͒ from a global positioning system.
Clearly, for communications, phase and frequency stability of the THz source relative to the THz receiver is critical. Short time-scale phase and frequency drifts can lead to ISI, amplitude degradation, and timing jitter of the transmitted binary data. Consequently, the phase and frequency stability limits the maximum data rate of the link in the time domain. Additive noise caused by link components or crosstalk will further degrade the link performance. In the cases of THz links based on either THz time-domain or THz cw photomixing, it is the instantaneous THz electric field ͑not power͒ that is detected. Consequently, variations in the optical path length between the THz transmitter and receiver must be considered. The path length variations might be due to scintillations, relative motion of the THz transmitter and receiver, or variations in the time duration between THz pulses. Any of these effects will cause a change in the measured instantaneous THz electric field at the detector. Clock tone and phase recovery techniques are needed to compensate for these drifts. While likely clock tone regeneration methods, known from fiber optical communication at multigigabits per second data rates, can be applied on the receiver side, phase recovery for optically triggered receiver will be much more difficult to realize. One way to avoid this problem is the implantation of envelope detection schemes ͑which is a common approach in radio techniques but has not been demonstrated at THz frequencies so far͒ or down conversion of the THz carrier to an IF or into baseband where advanced signal processing is suitable to apply. For the later case today's RF synthesizer technology is frequency stable enough to perform this operation which results into a good link performance as demonstrated in Ref. 75 .
VI. THZ AND SUB-THZ COMMUNICATION SYSTEMS
In this section, we summarize THz communication experiments to date. As shown in Table I , almost all of the experiments to date have been done in the sub-THz region between 100-300 GHz. A variety of THz sources-THz time-domain, UTC-PD optoelectronic, monolithic microwave integrated circuits ͑MMICs͒, and microwave multiplication-were used. The lone exception is a short link ͑2 m͒ operating at 3.8 THz using a QCL. Throughout this review paper, the hardware of these systems has been discussed. In this section, we focus on the complete systems as THz communication links.
A. Optoelectonic systems
Time-domain systems
The first three examples of THz data communication listed in Table I which utilize PDA structures as the THz transmitter and receiver. All three of these examples have some common characteristics:
• The center frequency of the THz pulse is roughly 0.3
THz.
• The absolute maximum possible data rate of the THz time-domain systems is limited by the repetition rate of the Ti:sapphire laser ͑typically ϳ80 MHz͒.
• The electronic bandwidth of the PDA potentially limits the data rate to Ͻ1 MHz.
• The transmitter to receiver distance and timing of the gating pulses is adjusted to detect the maximum THz signal detected at the peak of THz pulse. Consequently, timing jitter of the laser or variations in the optical path length degrades the quality of the link.
One of the first demonstrated THz communication links employed a THz time-domain system to transmit analog audio signals 104 on a THz carrier using an external modulator. The transmission distance was 0.48 m. The maximum data rate of the modulator ͑described in Sec. V A͒ was ϳ10 kHz. While audio signals up to 25 kHz could be transmitted, the 3 dB point was ϳ1 kHz. Reliable data could be transmitted up to about 6 kHz. The bandwidth of the THz detection was limited not only by the time-constant of the lock-in amplifier used to extract the detected signal but also by a 7 kHz cutoff of the I-V amplifier that was used to boost the current signal from the THz detector modules. A schematic of the system is shown in Fig. 13 .
Another analog THz link applied LT:GaAs dipole antennas as a THz transmitter and receiver. 89 A Ti:sapphire laser is used to generate and detect THz. Audio signals were impressed upon the THz carrier by directly modulating the bias voltage of the THz transmitter. Reference 89 demonstrated transmission of a six-channel analog and burst audio signal over a distance of 1 m. Peak-to-peak fluctuations of the recorded signal at the receiving antenna over 3 min was about 10% while the signal-to-noise ratio of the detected THz timedomain waveform was around 1000 up to 1 THz. The 3dB frequency response of the transmission channel was about 20 kHz. The photoconductive dipole antennas that were used in the experiment were not designed for high FM. Consequently, the maximum data rate was limited by the RC time constant of the transmitter and receiver. The authors demonstrated transmission of 5 kb/s data bursts. To demonstrate the fidelity of data transmission, they transmitted music through the data channel by using the electronic output from a computer's speaker to modulate the electronic bias to the THz transmitter. In frequency domain, they observed good fidelity of data transmission up to ϳ2 kHz.
Moeller et al. 88 reported bipolar and on/off keying of THz pulses with maximum modulation index by direct data encoding the bias voltage of the photoconductive emitter antenna enabling data rates almost three orders of magnitude higher than described in Refs. 89 and 104. Digital data transmission was characterized by BER measurements. The experimental set-up consisted mainly of a commercially available THz TDS system which is electrically connected to a data source and BER tester ͑Fig. 14͒. The THz transmitter ͑TX͒ is connected to a pseudorandom bit sequence ͑PRBS͒ generator and instead of a constant bias, the emitter antenna is electrically driven by a digital signal carrying the data. A dc-coupled amplifier can increase the voltage at the antenna input to about 20 V. A dc-offset between 0 V and ϮVpp/2 can be added to the pattern generator output, allowing the signal format to vary continuously between bipolar and on/ off modulation. As the electrical field of the THz pulse di- rectly depends on the sign and the amount of the applied antenna bias, the PRBS data are linearly mapped onto the THz signal and form its envelope. Sufficient bandwidth of the entire electrical path avoids ISI resulting in rectangularshaped driving data pulses. The output of the detector antenna is launched via a high gain transimpedance amplifier ͑ϳ10 6 V / A͒ with ϳ580 kHz bandwidth into a preamplifier ͑PA͒. The PA increases the voltage swing to at least 2 V before passing a low pass filter ͑LP͒ with 10 MHz 3dB bandwidth for noise reduction, and finally entering the BER tester's decision gate. Phase-coupled clock tones synchronize the pattern generator and BER tester but oscillate asynchronously relative to the optical pulse train of the modelocked laser. The time delay between the optical pulses that activate the emitter and detector photoconductive switches was adjusted to maximize the electrical receiver output. Impairments due to both electrical ISI ͑eye closure͒ and additive noise were observed. The decision gate's threshold and sampling phase is set for a minimum BER.
At error-free operation ͑BERϽ 10 −8 ͒ a high impedance sampling scope recorded 0.5, 1, and 1.5 Mb/s eye diagrams ͓Figs. 15͑b͒-15͑d͔͒ at the PA output, showing the data-rate dependent ISI caused by limited receiver bandwidth. Eye diagrams of bipolar and on/off modulation with the same transmitter voltage swing ͑TVS͒ look similar. This is expected since the ac-coupled detector blocks offsets and saturation effects appear to be small at relevant swing levels. At low TVS, receiver noise ͓Fig. 15͑d͔͒ limits the BER= 1 ϫ 10 −4 which is manageable using forward error correcting codes. 106 At this BER level we determined the minimal required TVS for different data rates to quantify ISI caused performance degradations ͓Fig. 15͑e͔͒. A comparison with a second order LP filter simulations of the receiver shows good agreement with the measurement. Increasing the TVS widens the eye which results into a reduced BER. Tests showed that long ͑2
23 −1͒ and short ͑2 7 −1͒ PRBSs yield same BER performance.
Photonic MMW/UTC-PD optoelectronic systems
The NTT group in Japan has been developing sub-THz communication links for the past several years. 67 Over that time they have achieved substantial innovations in hardware components. Their contributions listed in Table I focus on three types of systems such as: ͑a͒ photonic MMW/UTC-PD sub-THz sources and Schottky diode detectors, 72 ͑b͒ photonic MMW/UTC-PD sub-THz sources and MMIC receivers, 73 and ͑c͒ an integrated MMIC transmitter and receiver. 33 The first two are RoF systems. RoF systems 73 refer to modulating optical carrier signals at millimeter wave frequencies. The optical signals can be routed to a sub-THz transmitter module using low loss optical fibers. Within the THz transmitter module, the modulated optical beam is converted to a subTHz signal using a UTC-PD and then launched into freespace using a feed horn. The details of the hardware are discussed in Sec. IV A 1. The motivation for the RoF technology as opposed to a conventional millimeter-wave communication link are several fold. One drawback of a conventional wireless millimeter-wave system is that it requires line of sight. While a rooftop to rooftop link would be conceptually straight forward, delivering the MMW signal from the interior of a building, for example, to the roof could be problematic due to attenuating obstacles. Therefore, the available locations for setting up wireless equipment are limited. A RoF system could be a very attractive solution to this problem because the millimeter wave signals can be transmitted over long distances by using optical fibers with an optical frequency comb as discussed in Sec. IV A 1. Conceptually, one can generated the optical frequency comb, encode the data on the optical carrier using an optical modulator, and then route the optical signals through a building to a subTHz transmitter located on a rooftop. Since a high-gain subTHz antenna requires highly precise alignment, scintillation effects due to wind or even the motion of buildings will cause variations in the received power. Figure 16 shows a possible configuration for a RoF system which would first transmit optical carriers through a building via fibers, convert the optical comb to wireless sub-THz radiation, and then transform received wireless sub-THz radiation back into infrared light which is then launched back to optical fibers.
Another motivation and advantage of the RoF system is that it can easily be integrated into a high-speed optical fiber communication link as part of a first mile and last mile solution. 27 Conceptually, optical communication systems can provide high-speed ͑40 Gb/s͒, long distance point-to-point communication via optical fibers. However, in order to distribute data from a node to the end users, one needs to maintain the high data rate as the data is split among multiple mobile users. Figure 16 shows a schematic of a RoF wireless link system. The transmitter is composed of a low-phase-noise photonic millimeter-wave generator ͑described in Sec. IV A 1͒ which outputs an optical frequency comb: an optical carrier upon which a sub-THz signal is impressed. The output of the photonic millimeter-wave generator passes through the data modulator ͑described in Sec. V A͒. At this point, the digital data ͑which is generated by a bit-error-rate tester͒ is encoded onto the optical/sub-THz carrier. When the data modulated optical frequency comb illuminates the UTC-PD module, the optical frequency comb is electro-optically converted and amplified by the UTC-PD module to a sub-THz signal. The generated sub-THz signal ͑with data͒ is then transmitted from a high-gain antenna. In Hirata's earlier work ͑see, for example, Ref. 72͒, the received sub-THz signal can be detected by either a Schottky diode detector or mixer. The Schottky diode detection system exhibited a 10 −10 BER with a projected maximum distance of 100 m. For the RoF system described in Ref. 73 , the received sub-THz signal is detected, amplified, and demodulated by a receiver module using a receiver MMIC chip. 107 The demodulated data signals are then converted to an optical signal by an electro-optic converter and launched into a fiber-optic cable. Finally the optical signal is converted into an electronic signal and launched to a BER tester. A BER below 10 −12 at 10 Gb/s is reported for a wireless link distance of 250 m. The estimated maximum transmission distance is about 2 km.
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B. Integrated circuit systems
While the 1.5 m fiber-optical components of the RoF systems enable easy integration with high-speed optical communications systems, there is a drawback of the photonic approach in terms of additional optical components, system size, total cost, and added power consumption. Clearly, replacing the optoelectronic THz source with an integrated electronic device-which would work in concert with the MMIC receiver chip-could eliminate many of these issues. Yamaguchi et al. 33 implemented a flexible coplanar waveguide MMIC chipset, 108 which included amplifiers, modulators, and demodulators, as the sub-THz transmitter and receiver in a 10 Gb/s wireless link. The link exhibited a 10 −12 BER over 800 m distance. The authors estimate a maximum transmission distance of 2 km. An interesting note in their paper is that scintillation effects due to the effect of wind on the propagating sub-THz radiation were measurable. As wind velocity increased, the receiver axis deviation also increased which caused the input power to decrease. However, since the input power even in the presence of the wind was greater than the minimum required, the authors did not observe any increase in BER due to the wind.
C. Microwave multiplier systems
Analog video signal transmission has been demonstrated at 300 GHz using a microwave multiplier system. 75 The system, described in Sec. IV A 2͒, consists of a frequency multiplied ͑6ϫ͒ 16.66 GHz LO. The resulting 150 GHz signal is converted to a 290-310 GHz signal using a subharmonic mixer and a dc-10 GHz signal generator. The receiver LO is 16.38 GHz so that the IF of the receiver ͑5 GHz͒ is detected using heterodyne methods. To demonstrate data transmission, a color video baseband signal with 6 MHz bandwidth is modulated on a UHF carrier ͑855.25 MHz͒ which then acts as the "signal generator" to be transmitted over a THz link. At the receiver, the 5 GHz IF is mixed down to baseband and feed to a standard TV card. The TV card input requires a minimum signal to noise ratio of 40 dB. The image quality is viewed on computer screen. Using just the THz feed horns, excellent picture quality is reported upto 0.5 m with significant degradation observable at transmission distances of 0.8 m. When lenses collimate the THz radiation, a maximum link distance of 22 m is achieved.
VII. SUMMARY AND CONCLUSIONS
THz communication links potentially offer several advantages compared to microwave and IR wireless links including inherently higher bandwidth compared to microwave links and less attenuation under foggy weather or smoke conditions compared to IR links. Moreover, by taking advantage of the wide bandwidth available in the THz range, one can implement secure communications links in the THz range. While future THz communications links will probably utilize THzIC/MMIC due to their inherently lower-cost compared to optoelectronic systems, near-term systems utilizing frequency multipliers can provide milliwatts of THz power and several gigahertz of bandwidth which should be suitable for reasonable ͑several hundreds of meters͒ link distances. Optoelectronic based systems, such as RoF systems, may find niche applications in which direct coupling of wireless THz links to high-speed fiber-optical systems is the major consideration. Several key challenges remain. First and for most is the development of high power THz sources within the THz atmospheric transmission windows, as well as compatible high sensitivity detectors, and modulation hardware. Since one of the potentially major benefits of THz communications is the wide bandwidth, hardware systems that take advantage of the 100 GHz of available bandwidth should be developed over the next several years. Aside from hardware issues, the attenuation and scintillation properties of the atmosphere, including the effect of fog, rain, and smoke, need to be experimentally quantified as THz systems are developed. Lastly, analogous to the development of radio communication, advanced modulation formats need to be applied to the THz links to achieve modulation gain or a higher spectral efficiency.
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